Objectives: To assess the vitamin D status of Irish postmenopausal women during wintertime, and to examine its relationship with serum parathyroid hormone (PTH) and biochemical markers of bone turnover. In addition, the determinants of wintertime serum 25-hydroxyvitamin D (25OH-D) levels in these women were investigated. Design: A cross-sectional observational study. Setting: Cork City, Ireland (528N). Subjects: Ninety-five apparently healthy, free-living postmenopausal women (aged 51 -75 years), not taking any medication and free from any condition likely to affect vitamin D status or calcium/bone metabolism. Results: Forty-eight per cent and 7% of women had serum 25OH-D levels , 50 nmol l 21 and , 25 nmol l
In humans, vitamin D is obtained primarily through cutaneous biosynthesis in the presence of UV-B sunlight, but also from the diet 1 . Consequently, season is a major determinant of vitamin D status 2 . Vitamin D status is highest in Northern European populations around late summer (August -September) and lowest around late winter/early spring (February-March) 3 -5 . In Northern Europe (latitude 40 -608N), including Ireland (latitude 51-558N), sunlight is too weak during the winter months (October/November to February/March) to stimulate cutaneous vitamin D synthesis 6, 7 . This creates an increased reliance on dietary sources during these winter months to help maintain adequate vitamin D status. However, the usual dietary vitamin D intake in Europe is not sufficient to maintain adequate vitamin D status, especially during wintertime 4, 8 . In Ireland, a recent analysis of the North/South Ireland Food Consumption Survey for vitamin intakes estimated that the mean daily intake of vitamin D was 4.2 mg in adult men and women (aged 18-64 years) from all sources, including vitamin D-containing supplements 9 . These data show that a considerable proportion of Irish adults have very low dietary intakes of vitamin D and are largely dependent on sunlight to maintain adequate vitamin D status. Recent data also show that 36 -53% of a group of 51-69-year-old Irish women had low (or some degree of deficient) vitamin D status (defined 10, 11 as serum 25-hydroxyvitamin D (25OH-D) levels below 50 nmol l 21 ) during wintertime 12 . Furthermore, there was an inverse relationship between serum 25OH-D and parathyroid hormone (PTH) in these postmenopausal women 12 . According to Lips 11 , mild vitamin D deficiency (serum 25OH-D levels between 25 and 50 nmol l 21 ) can increase serum PTH by up to 15%. However, it is not clear whether this increase should be considered physiological or pathological. For example, such an increase may or may not lead to an increased rate of bone turnover 11 . Furthermore, others suggest that serum 25OH-D levels in adults need to be of the order of greater than 78 -110 nmol l 21 to maintain PTH levels in the normal range and promote intestinal calcium absorption 13 -19 . Indeed, some studies have reported a continuous decline in PTH with increasing 25OH-D, and no plateau 20, 21 . This among other reasons has contributed to the lack of an international consensus on cut-off levels for vitamin D deficiency/insufficiency 16 , with estimates 13 -16 ranging from , 20 to , 110 nmol l 21 . In our previous study of seasonal variation in vitamin D status of Irish postmenopausal women, we found that wintertime serum 25OH-D status was markedly influenced by vitamin D-containing supplement use, but not by body mass index (BMI) 12 . In addition to sunlight and dietary vitamin D intake, other physiological and behavioural factors have been proposed as determinants of serum 25OH-D levels. These include age 22 , gender 23 , race 24, 25 , BMI 26, 27 and smoking 28 . Knowledge of these determinants of vitamin D status, especially during wintertime, is of importance for the development of strategies for prevention of suboptimal vitamin D status.
Therefore, the objectives of the present study were to assess vitamin D status of Irish postmenopausal women (aged 51-75 years) during wintertime, and to examine its relationship with serum PTH and biochemical markers of bone turnover. In addition, determinants of wintertime serum 25OH-D levels in these women were investigated.
Subjects and methods

Subjects
A convenience sample of 101 apparently healthy, freeliving adult women of white Caucasian extraction (mean age 64.1 years, range 51.0 -75.6 years) was recruited by leaflet or direct contact from the Cork region (, 528N). 30 . Therefore, these women were excluded from further analysis. The mean age, height, weight, BMI, dietary calcium and vitamin D intake of the women included in the study (n ¼ 95), as well as the number of smokers, sun-likers and those who took a sun holiday, are provided in Table 1 .
Ethical considerations
Before participation in this study, all subjects signed an informed consent document approved by the Clinical Research Ethics Committee of the Cork Teaching Hospitals.
Design
This study was a cross-sectional observational study of vitamin D status and its relationship with serum PTH and biochemical markers of bone turnover in postmenopausal Irish women (51 -75 years of age) during late wintertime. Each participant was invited to provide a fasting morning blood and urine sample at the University during February/March 2002. After an overnight fast, a blood sample (20 ml) was taken between 08.30 and 10.30 hours. Anthropometric measurements (weight and height) were taken. Habitual food intake was assessed by a 14-day diet history, which consisted of a one-to-one interview detailing usual food and drink intakes in a typical 14-day period. Food intakes were quantified using a photographic food atlas of food portion sizes 31 . A general health and lifestyle questionnaire was also administered to each participant during the visit, which provided information on medical history, use of hormone replacement therapy, visits to hospital, fracture history and smoking history. The questionnaire also detailed sun habits, sun holidays and the use of sun-beds, medicines and nutritional supplements.
Collection and preparation of samples Blood was collected by venepuncture into a Vacutainer tube with no additive and processed to serum, which was immediately stored at 2 80 8C until required for analysis. Subjects were supplied with suitable collection containers for urine samples and asked to collect first morning void urine samples. Portions of urine were stored at 2 20 8C from the morning of collection until required for analysis.
Experimental techniques
Serum intact PTH Intact PTH levels were measured in serum using an enzyme-linked immunosorbent assay (ELISA) (OCTEIA 6.3% and the intra-assay CV was 4.3%. The intra-and interassay CV for the ELISA method (used in University College Cork) was 5.9% and 6.6%, respectively. The quality and accuracy of the serum 25OH-D analysis in both laboratories was assured on an ongoing basis by participation in the Vitamin D External Quality Assessment Scheme (DEQAS; Charing Cross Hospital, London, UK). Thirty-three women had their serum 25OH-D levels analysed by the HPLC assay (of whom 21 and 12 were supplement users and non-users, respectively), while the remaining 62 had their serum 25OH-D levels analysed by the ELISA assay (of whom 32 and 30 were supplement users and non-users, respectively). There was a very high correlation in reported vitamin D values for DEQAS samples between the two laboratories (ELISA ¼ 1.2781 £ HPLC 2 3.3218; r ¼ 0.96; P , 0.0001), allowing us to combine data from both measurement methods after correction.
There is no international consensus on cut-off levels for vitamin D deficiency/insufficiency 16 
Serum osteocalcin
Osteocalcin levels were measured in serum samples using an ELISA (Metrae Osteocalcin EIA Kit; Quidel Corporation, Santa Clara, CA, USA). The intra-and inter-assay CV was 6.0% and 7.6%, respectively.
Urinary creatinine
Creatinine was determined in urine samples using a diagnostic kit (Metrae Creatinine Assay Kit, catalogue no. 8009; Quidel Corporation). The intra-and inter-assay CV was 1.6% and 3.3%, respectively.
Urinary pyridinoline and deoxypridinoline
Samples were analysed in duplicate using an automated analysis system (Gilson ASPEC (Automated Sample Preparation with Extraction Columns); Gilson SA, Villiers-le-Bel, France). Extracted samples were linked to a gradient HPLC system comprising a Gilson 321 pump and a Shimadzu RF-10AXL fluorescence detector (Shimadzu Scientific Instruments Inc., Columbia, MD, USA). In brief, portions of pooled urine (250 ml) were first hydrolysed with an equal volume of 12 M HCl at 107 8C for 18 h. The crosslinks from urine hydrolysates were then extracted with cellulose partition chromatography, with the use of an internal standard (acetylated pyridinoline (Pyr); MetraBiosystems Ltd, Wheatley, UK) 33 . The acetylated Pyr was used in accordance with the method described by Calabresi et al. 34 and Robins et al.
35
. The crosslink contents of urine samples were quantified by external standardisation using a commercially available Pyr-deoxypyridinoline (Dpyr) HPLC calibrator (MetraBiosystems Ltd). The intra-assay CV for Pyr and Dpyr, measured as the variation between 10 chromatograms obtained between column regenerations as described by Colwell et al.
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, was 5% and 3%, respectively. The inter-assay CV for Pyr and Dpyr was 9% and 11%, respectively.
Statistical analysis
Data are presented as mean and standard deviation (SD). Data for all variables were normally distributed and allowed for parametric tests of significance. Differences in physical variables, dietary and lifestyle factors and biochemical indices of bone turnover between vitamin D supplement users and non-users were analysed using unpaired Student t-tests. Differences in biochemical indices according to serum 25OH-D cut-off levels for defining vitamin D adequacy/inadequacy and sufficiency/insufficiency were analysed using unpaired Student ttests. Multiple regression analysis was performed to identify independent predictors of serum 25OH-D. The following categorical variables were included: vitamin D supplements (coded as 0 ¼ no supplements, 1 ¼ taking supplements regularly), sun habits ('Do you prefer to avoid sun during summer season (avoid sun) or stay in sun during the summer season (prefer sun)?'), taking sun holidays within previous 3 months (0 ¼ no, 1 ¼ yes), smoking habits ('Are you a smoker or non-smoker?'). The following continuous numerical variables were included: age (years), BMI (kg m 22 ), habitual vitamin D intake (mg day 21 ) and calcium intake (mg day 21 ). Linear regression was used to investigate the association between serum 25OH-D and PTH. P-values ,0.05 were considered statistically significant.
Results
Physical, dietary and lifestyle characteristics
The age, weight, height, BMI, calcium intake, habitual dietary vitamin D, smoking habits and sun habits of the women (n ¼ 95) are shown in Table 1 . Stratification of women into users (n ¼ 42) and non-users (n ¼ 53) of vitamin D-containing supplements showed that there was no significant difference in mean age or height, or in smoking habits, sun habits or number taking sun holidays, between the two groups ( Table 1) . Supplement non-users were significantly (P , 0.01) heavier and had a higher (P , 0.01) BMI than supplement users (Table 1) . Supplement non-users had significantly (P , 0.05) lower dietary vitamin D intakes than supplement users (Table 1) . 
Determinants of serum 25OH-D levels
To investigate the determinants of serum 25OH-D levels in the 51 -75-year-old women multiple regression analysis was performed, and the outcome is presented in Table 3 . Total calcium intake (P ¼ 0.0002) and use of vitamin Dcontaining supplements (P ¼ 0.031) were positively associated with serum 25OH-D levels, while smoking (P ¼ 0.027) and BMI (P ¼ 0.030) were negatively associated with serum 25OH-D levels (Table 3 ). There was no significant association between age, avoidance of sunshine during summertime, taking sun holidays or vitamin D intake and serum 25OH-D levels ( Table 3) . Approximately 37% of the total variation in wintertime serum 25OH-D concentration was explained by this model. Table 2 . Mean serum 25OH-D levels of vitamin D-containing supplement users was significantly (P ¼ 0.0003) higher than that of non-users (Table 2 ). There were no significant differences in serum PTH or osteocalcin, or urinary Pyr and Dpyr, between supplement users and non-users. After adjustment for BMI and habitual dietary vitamin D intake, serum 25OH-D remained significantly higher (P , 0.01) in supplement users than non-users. This significant difference between groups was also evident (P , 0.05) even after adjustment for all factors (BMI, age, smoking habits, sun habits, calcium intake, vitamin D intake and sun holidays). There were no differences in serum PTH or osteocalcin, or urinary Pyr and Dpyr, between the two groups ( (Table 4) .
Biochemical indices of vitamin D status and bone turnover
Association between serum 25OH-D concentration and biochemical indices
Using linear regression, there was a significant inverse relationship between serum 25OH-D and serum PTH (r ¼ 2 0.241; P ¼ 0.014; n ¼ 94). There were no significant correlations between serum 25OH-D and other biochemical indices (data not shown).
Discussion
In the present study, the mean habitual daily vitamin D intake of Irish postmenopausal women (51-75 years old) was 5.4 mg from all sources (i.e. food and nutritional supplements). This intake estimate is in line with that recently reported by us for a nationally representative sample of Irish adult women (50 -64 years old) (5.1 mg from food and supplements) 9 . About half (, 48%) of the 51 -75-year-old Irish postmenopausal women participating in the present study had low vitamin D status (ranging from mild (41%) to moderate (7%) vitamin D deficiency, defined by serum 25OH-D cut-off values as suggested by Lips 10, 11 ) during late winter. This finding confirms previous reports of a very high prevalence of low vitamin D status among healthy free-living elderly Irish adults during late winter 12,37 -40 . Furthermore, the proportion of women with low vitamin D status (serum 25OH-D levels , 50 nmol l 21 ) in the present study is in line with estimates of the prevalence of low vitamin D status among healthy free-living elderly European women 8, 10, 41 . As mentioned already, there is no international consensus on cut-off levels for vitamin D deficiency/insufficiency 16 . While there are several reasons for this uncertainty 42 , it is further complicated by methodological issues surrounding analysis of serum 25OH-D levels. Different methods of analysis can produce different serum 25OH-D levels, as illustrated recently in round-robin analyses of the DEQAS samples 43 . In the present study, the HPLC analytical method produced lower serum 25OH-D levels than those obtained by the ELISA method. Thus, notwithstanding uncertainty about cut-off values, differences arising from analytical methods can cause difficulties in categorising individuals as being vitamin D-deficient/insufficient. This was avoided in the present study by application of a correction factor to account for such differences. This is the first study, to our knowledge, which has investigated determinants of serum 25OH-D levels among Irish adults. Knowledge of such determinants is important for formulation of strategies and recommendations for preventing wintertime vitamin D deficiency in the population. In the present study, smoking was negatively associated with serum 25OH-D levels in 51-75-year-old Irish women. The effect of smoking on serum 25OH-D levels is unclear. Some studies show a negative association between smoking and serum 25OH-D in young, middleaged and elderly subjects 28, 41, 44, 45 , while others fail to find this association 25, 46, 47 . Increasing BMI was negatively associated with serum 25OH-D levels in the present study, which is in line with the findings of some 25 -27,41,47 -49 , but not all 4,46 studies. Ageing has been shown to affect vitamin D synthesis primarily through a reduced capability of skin biosynthesis 22, 50, 51 . Age was not found to be a determinant of vitamin D status in women in the present study. However, all of the women were apparently healthy, free-living and aged between 51 and 75 years. Similarly, age was not found to be a significant determinant of vitamin D status in our previous study of 51-69-year-old women 12 .
In the present study, as well as in other studies 26, 47 , sun exposure from the previous summer was measured indirectly, using a simple questionnaire to assess sun habits and preferences. The multiple regression analysis indicated that avoiding summer sunshine was not associated with wintertime serum 25OH-D levels, which is in line with the findings of Jacques et al. 47 but in contrast with the findings of Burnand et al.
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. It should be pointed out, however, that these questionnaires are crude estimates of sunshine exposure. Use of a more direct method of assessing sunshine exposure, such as ultraviolet dosimetry, may be a more meaningful approach for assessing summer sunshine exposure as a determinant of serum 25OH-D levels 52 . Vitamin D intake was not associated with wintertime serum 25OH-D levels in postmenopausal women in the present study. These results are in contrast with those of others who have demonstrated a significant positive association between vitamin D intake and serum 25OH-D during winter 13, 15, 20, 47, 53 . According to Jacques et al. ) may have limited our ability to detect subtle differences in bone marker levels. To date, there is a limited number of studies which have investigated the relationship between serum 25OH-D levels and biochemical indices of bone turnover 56 -58 . These studies suggest various serum 25OH-D levels to define vitamin D insufficiency, based on the responses of indices of bone turnover. For example, Sahota et al. 56 suggest that serum 25OH-D levels ,30 nmol l 21 are associated with an increase in bone turnover markers. However, Jesudason et al. 58 and Mezquita-Raya et al. 57 suggest that higher thresholds (,60 nmol l 21 and ,70 nmol l
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, respectively) should be used to define vitamin D insufficiency, based on a rise in bone turnover markers. Interestingly, Mezquita-Raya et al. 57 did not detect any differences in biomarkers of bone turnover between women with serum 25OH-D levels less than or greater than 37.5 nmol l
, but did find a significant difference in bone turnover markers when a higher serum 25OH-D threshold level (,70 nmol l 21 ) was applied. during late winter. However, low-dose vitamin D supplementation (mean , 6 mg day 21 ) was associated with a considerably lower prevalence of low vitamin D status in these women. The low vitamin D status in this study was associated with significantly elevated PTH levels, but had no effect on biochemical indices of bone turnover. Because both low-dose supplemental vitamin D and calcium intake were positively associated with serum 25OH-D levels, postmenopausal women should be encouraged to use regular low-dose supplemental vitamin D during winter as well as meet their daily calcium recommendations, to help counteract the natural wintertime decline in serum 25OH-D levels. In addition, cessation of smoking and maintaining BMI in the normal range are additional factors that could help maintain adequate vitamin D levels during the winter.
